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Abstract: This study tests the advantages of group-living in the gregarious aposematic caterpillars of Methona confusa (Butler, 
1873), a Neotropical clearwing butterfly (Ithomiini). Larvae were reared on their host plant Brunfelsia grandiflora (D. Don, 
1829) (Solanaceae) both in isolation and in groups, in the field and in a greenhouse in two experiments: the first, from hatching to 
pupation, and the second, from the third instar to pupation. In Experiment 1, almost all larvae placed in the field died within the 
first days of the experiment, suggesting strong pressures from abiotic factors (e.g., rain) and/or predators on early-instar larvae. In 
the greenhouse, survival was higher in grouped larvae compared to isolated larvae, suggesting that aggregation benefits larvae in 
the absence of predation and abiotic factors. In Experiment 2, survival was higher in the greenhouse than in the field. Grouping 
did not affect mortality rate, but it did speed up development with no cost in terms of pupal mass. Together, these results suggest 
that group-living can confer benefits to aposematic larvae that are not related to predation and that these benefits may be greater 


in earlier than in later instar larvae. 
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INTRODUCTION 


Gregarious behavior occurs in various forms in several 
orders of insects. Most Lepidoptera lay their eggs singly and 
their larvae have a solitary behavior (Clark & Faeth, 1997), 
but gregarious behavior is exhibited across at least 20 families 
(Costa, 2006; Stamp, 1980). Most groups exhibit a simple social 
structure, consisting of larval herds that feed together during the 
early stages of larval development, generally dispersing before 
pupating (Allen, 2010). Although gregarious behavior could 
present some disadvantages, such as smaller adults (Wiklund 
& Persson, 1983), intraspecific competition, probability of 
disease transmission, cannibalism, parasitism (mostly egg and 
pupa) (Reader & Hochuli, 2003; Lawrence, 1990), several 
advantages have been proposed to explain gregarious behavior: 
broadly speaking, benefits of group-living include anti-predator 
defense, thermoregulation, and overcoming plant defenses 
(Stamp, 1980). Advantages are usually more important early 
in development, explaining why larvae often disperse as they 
mature (Despland, 2013). 

Grouping can be favored by top-down selection pressures 
as it decreases the risk of predation or parasitism (in the larvae) 
via several mechanisms, including dilution of risk and active 
defense (Hunter, 2003; McClure & Despland, 2011). Most 
notably, aposematic colouration is often combined with group- 
living, and grouping enhances the strength of warning signals 
(Ruxton et al., 2004). 


However, multiple studies also show benefits of group- 
living in the absence of predators (Tsubaki & Shiotsu, 1982; 
Lawrence, 1990; Stamp & Bowers, 1990; Clark & Faeth, 1997; 
Fordyce & Agrawal, 2002; Denno & Benrey, 2003; Reader & 
Hochuli, 2003; Inouye & Johnson, 2005; Pescador-Rubio, 2009; 
Allen, 2010; Fiorentino etal., 2014; Rosa etal., 2017; Despland, 
2019). These results suggest that gregarious larvae feed more 
efficiently than solitary ones because they can overcome plant 
defenses, including trichomes (Despland, 2019), leaf toughness 
(Fiorentino et al., 2014) or toxic compounds (Denno & Benrey, 
2003). 

These bottom-up advantages to grouping have been 
observed in chemically-defended aposematic caterpillars 
of several species (e.g., Chlosyne lacinia (Geyer, 1837) 
(Nymphalidae) Clark & Faeth, 1997; Chlosyne janais (Drury, 
1782) Denno & Benrey 2003; Chlosyne poecile (Felder, 1867) 
Inouye & Johnson, 2005; Battus philenor (Linnaues, 1771) 
(Papilionidae) Fordyce, 2003; Doratifera casta (Scott, 1864) 
(Limacodidae) Reader & Hochuli, 2003). One hypothesis is 
based on the fact that feeding on the toxic plant compounds 
required to back up an aposematic signal with chemical defense 
is costly, even for specialists (Zalucki et al., 2012), and suggests 
that aggregation can help mitigate those costs (Despland, 2019). 
In this scenario, aggregation driven by bottom-up selection 
pressures increases conspicuousness (Despland & Simpson, 
2005) and can explain the adaptive value of aposematism early 
in development, when these bottom-up pressures are generally 
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stronger (Despland, 2013). 

Gregariousness is common among larvae of the butterfly 
family Nymphalidae, including aposematic species (Inouye & 
Johnson 2005). In particular, the subfamily Danainae (which 
includes the legendary Monarch and Neotropical clearwings) 
is characterized by chemically-defended adult butterflies with 
warningly coloured wings; many larvae are also aposematic 
and gregarious (Massuda & Trigo, 2009). These larvae feed on 
toxic plants and are chemically defended, but also suffer costs 
associated with plant defense: consumption of plant compounds 
mediates a trade-off between anti-predator protection and 
toxicity (e.g., Danaus plexippus (Linnaeus, 1758) (Danainae) 
Zalucki et al., 2012). Danaine caterpillars that specialize on 
toxic plants show adaptations to circumvent plant defenses 
(Zalucki et al., 2012), including gregarious collective feeding 
to overwhelm those defenses (Despland, 2019). 

Methona confusa (Butler, 1873) (Nymphalidae, Danainae, 
Ithomiini) have an aposematic colouration in the larval stage (the 
body is black with yellow rings) and are gregarious throughout 
larval development (Hill & Tipan, 2008) (Fig.l). Methona 
species feed on alkaloid-laden Brunfelsia (Solanaceae) plants, 
and are likely chemically defended against vertebrates (Tavares 
et al., 2013; Hill & Tipan, 2008). Indeed, other ithomiine larvae 
sequester Brunfelsia defensive compounds for defense in the 
larval and adult stages (Trigo & Motta, 1990). 

This study aims to evaluate the advantages of group- 
living in the absence of predators in the gregarious aposematic 
caterpillars of Methona confusa. Specifically, we compare 
the development, growth and survival of Methona confusa 
larvae when reared in groups or in isolation, in both field and 
greenhouse (i.e.,, protected from predators) conditions. 


MATERIALS AND METHODS 


Study site and organism: The study was conducted at Mashpi 
Reserve, Ecuador (0°09°59.3”N, 78°52’47.6”W) an evergreen 
cloud forest at 850 m elevation on the western slope of the 
Andes (Sierra, 1999). Rearings were conducted in a greenhouse 
and outdoors, along a transect following the road, in the forest 
ecotone, in semi-shaded habitat. 

Methona confusa has a broad but discontinuous distribution 
in South America east of the Andes (Lamas, 2004; Hill & Tipan, 
2008), with records inside the Chocó Biogeographic Region 
(Andrade-Correa, 2002). Its main host plant is Brunfelsia 
grandiflora (Solanaceae) (Hill & Tipan, 2008), shrubs and 
small trees that grow in light woodlands, disturbed habitats and 
forest ecotones, distributed from Central America to northern 
South America (Colombia, Brazil, Ecuador, Peru and Bolivia) 
(Luzuriaga et al., 2018). Methona confusa oviposits clusters of 
18-46 eggs (Hill & Tipan, 2008) (Santos et al., 2017), the eggs 
hatch after approximately five days, and the larvae go through 
five instars (Hill & Tipan, 2008; Massuda & Trigo, 2009). 

In both field and greenhouse treatments, the larvae were 
placed on cut Brunfelsia grandiflora branches placed in water. 
The branches were about 30 cm long; their leaves were mature 
but not old or damaged. It was ensured that both gregarious 
and solitary larvae had enough branches on which to feed. 
New branches were placed alongside the old ones every day, 
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allowing the larvae to move onto the new foliage. Old branches 
were removed when larvae moved to new ones. 


Experimental design: Two experiments were conducted 
between 12 March 2018 and 4 April 2018, and each was done in 
both field and greenhouse environments. In Experiment 1, first 
instar larvae were placed in both the field and the greenhouse 
treatment either alone (N=16) or in groups of 10 (N=10 groups). 
However, most of the first instar larvae in the field treatment 
disappeared within the first five days of the experiment, possibly 
due to environmental conditions (rainstorms). In Experiment 2, 
larvae were reared in the greenhouse in groups until the third 
instar. At the second molt, larvae weighing between 30 and 
59 mg were placed in the four treatments: alone in the field 
(N=28), in groups of ten in the field (N= 10 groups), alone in 
the greenhouse (N=20) and in groups of ten in the greenhouse 
(N=10 groups). 

The larvae were inspected every day, recording deaths and 
disappearances as mortality. Larval mass was recorded every 
four days using a portable balance (Ohaus Scout SPX123). 
Finally, pupae were weighed 24 hours after pupation. Data 
loggers for temperature and humidity were placed in the forest 
transect and in the greenhouse. 


Data analysis: All statistical analyses were done with R 3.5.3 
software. Individuals within the grouped treatment were pooled 
to generate a single value per replicate. Survivorship between 
treatments within each experiment was compared with Cox 
proportional hazard models (survival 2.44-1 package). 

Data from Experiment 1 was split between an early 
developmental period corresponding to the first two instars 
(first seven days of the experiment) and a later one representing 
the third instar onward (day 8 to 14) in order to examine 
ontogenetic shifts in mortality rates. A generalized linear 
model with a binomial link function (function glm) was used to 
compare mortality rates between solitary and grouped insects 
kept indoors both early and late in development. 

Larval mass at each measurement date was compared 
between treatments using a linear mixed model (package 
Ime4) with grouping and location as fixed effects and time 
as a random effect. Pupal mass and development time were 
analyzed with linear models including grouping and location 
(function Im). Data were tested for linear model assumptions by 
visual examination of residuals prior to analysis. 


RESULTS 


Survival rates: In Experiment 1, survival was much higher 
in the greenhouse than in the field (Cox survival analysis z = 
4.82; p < 0.001): in the field, only one insect from the grouped 
treatment (and none from the solitary treatment) survived to 
pupation. In the greenhouse, larval survival from hatching to 
pupation was higher in grouped than in solitary individuals 
(Cox survival analysis z = -1.91; p = 0.04) (Figure 2). 

In Experiment 2, larval survival from the third instar onward 
was higher in the greenhouse than in the field (Cox survival 
analysis z = -1.99; p = 0.04) but did not depend on grouping 
(Cox survival analysis z = 0.70; p=0.48) (Figure 2). During the 
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course of the experiment, the temperature was slightly higher 
in the greenhouse (mean=22.12°C, sd=2.06) than outdoors 
(mean=20.6°C, sd=0.97). Humidity was consistently above 
90% in both the field and the greenhouse. 

Splitting the Experiment 1 mortality data from the 
greenhouse between early and later in development showed 
differential effects of grouping: the early development period 
binomial GLM showed higher mortality in isolated than in 
grouped larvae (df= 22, p=0.01). However, later-instar mortality 
(both experiments together) did not differ significantly, either 
between experiment 1 and 2 (df = 38, p=0.98) or between 
isolated and grouped larvae (df = 37, p=0.63). All datasets fit 


Figure 1. M. confusa life cycle. A. Egg batch under host plant leaf (B. grandiflora). B. Neonate larvae emerging from an egg mass. C. First 
instar. D. Second instar. E. Third instar. F. Fourth instar. G. Fifth instar. H. M. confusa pupae. I. Adult M. confusa ovipositing on B. grandiflora. 


the assumptions of the binomial distribution. 


Growth and development: Linear mixed models of larval 
mass failed to detect a difference between grouped and solitary 
insects at any stage in development, in the three contexts 
for which there was sufficient data (Experiment 1 in the 
greenhouse, Experiment 2 in the greenhouse and in the field). 
Mean caterpillar mass across all treatments increased from 1.11 
mg (+/- 0.06 S.E.) at hatching to 5.77 mg (+/- 0.64 SE) on day 
4, to 44.13 mg (+/- 6.68 SE) on day 8, to 156.37 mg (4+/-10.37 
S.E.) on day 12, to 385.26 mg (+/-24.02 S.E.) on day 16 and 
finally 756.07 mg (+/-14.22 S.E.) on day 20 of the experiment. 
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Figure 2. Survivorship curve of larvae in the different treatments in 
Experiments 1 (from hatching onward), and 2 (beginning at the molt 
to the third instar). Measurements in Experiment 2 were started on day 
eight, when larvae molted to the third instar and were placed outdoors. 


Experiment 2 showed that development time was longer 
for solitary caterpillars than grouped individuals (F1,33 = 20.3, 
p<0.0001; solitary median: 19 days (quartiles 18, 19), grouped 
median: 17 days (quartiles 16.5, 18)), but that there was no 
associated effect on pupal mass (F1,33 = 0.114, p = 0.73; 
solitary median: 0.78 g (quartiles 0.69, 0.82), grouped median: 
0.76 g (quartiles 0.73; 0.79)). Survival rates for solitary larvae 
in Experiment 1 were too low for analysis. 


DISCUSSION 


The results from our study show a high mortality rate 
outdoors, particularly in the early instars, and so high that, 
in Experiment 1, all but one of the first instar larvae placed 
outdoors died, most of them within the first five days of the 
experiment (Figure 2). The source of this mortality cannot be 
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reliably measured but observations suggest predators, rainfall 
and wind. Conditions like heavy rainfall or winds storms 
can easily dislodge small larvae and restrict the feeding time 
(Despland, 2018), causing an increase in mortality (Kamata & 
Igarashi, 1994), especially in larvae that are artificially placed 
and that have not been able to attach firmly to the plant. In 
the present experiment, larvae fed on the underside of leaves, 
sheltered from the rain, but some were found dead under the 
plants following heavy rains and winds, especially first instar 
larvae, suggesting that they had been dislodged. Spiders were 
also frequently seen on the plants and may have predated larvae. 

Among larvae reared in the greenhouse, mortality rate was 
considerably higher in the first two instars than from the third 
instar (L3) onwards (Table 1). Indeed, type III survivorship 
curves (with most mortality occurring in the early stages) are 
very common in lepidopteran life histories (It6 & Miyashita, 
1968; Deevey, 1947; Despland, 2018). For instance, survival 
rates of first instar Monarch caterpillars (D. plexippus) vary 
between 3% and 40% depending on host plant (Zalucki et al., 
2012). Another example is Dendrolimus spectabilis (Butler, 
1877) (Lasiocampidae), where first instar survival rates vary 
between 10 % and 26.4% depending on the place and time of 
year (Kanamitsu, 1962). 

Our results further show that grouping improved survival of 
early instar larvae reared indoors (Table 1). That this effect was 
observed indoors, where the larvae were protected from natural 
enemies, suggests that the group-living advantages did not only 
involve anti-predator defense. Similar improved performance in 
groups away from predation has been observed in other species, 
including several aposematic Neotropical nymphalids (Chlosyne 
lacinia, see Clark & Faeth, 1997; Chlosyne janais, see Denno & 
Benrey 2003; Chlosyne poecile, see Inouye & Johnson, 2005). 
One possible explanation is thermoregulation, but, given that 
temperatures were between 20-24°C during our experiment, a 
more likely advantage conferred by group-living is overcoming 
plant defenses and establishing a feeding site (Clark & Faeth, 
1997). Enhanced feeding efficiency in groups has been tied to 
collective piercing of tough foliar cuticle in C. lacinia (Clark & 
Faeth, 1997), overwhelming induced allelochemical responses 
in C. janais (Denno & Benrey, 2003), and social facilitation 
of feeding in C. poecile (Inouye & Johnson, 2005). Brunfelsia 
leaves are highly chemically defended (Trigo & Motta, 1990), 
bear only few trichomes and are tough (personal observation). 
Leaf toughness and chemical defenses can prevent early-instar 
insect herbivores with small mandibles from piercing the leaf 
cuticle and accessing the nutritious tissues underneath (Zalucki 
et al., 2012). Chemical defenses might be compromised in 


Table 1. Average mortality rate for larvae in the early (L1-L2) and later (L3-) instars, compared between locations and grouping 
treatments. Mortality rate is given as the mean proportion of caterpillars that died within a seven-day period, shown with standard 


error. 
Treatment Expt 1 L1-L2 Expt 1 L3- Expt 2 L3- 

mean S.D. mean S.D. mean S.D. 

grouped, field 0.69 0.18 0.60 0.16 0.49 0.19 

solitary, field 0.81 0.21 0.67 0.21 0.54 0.22 

grouped, greenhouse 0.18 0.04 0.08 0.03 0.07 0.02 

solitary, greenhouse 0.44 0.13 0.13 0.12 0.09 0.07 
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the cut branches used in our experiments but would be equal 
among field and greenhouse experiments. Aggregation and 
collective feeding could facilitate establishment of feeding 
(Despland, 2019) by early instar M. confusa larvae, but this 
cannot be tested directly with our data. The difference in indoor 
survival rate between grouped and solitary insects was greater 
in the first larval instars than later in development (Table 1), 
suggesting that this benefit to grouping is more important in the 
early larval instars. 

Grouping increases effectiveness of warning signals 
against predators (Sillén-Tullberg, 1988; Clark & Faeth, 1998; 
Ruxton et al., 2004; Pinheiro et al., 2008), and recent work 
suggests that aposematic larvae can also benefit from bottom- 
up advantages of grouping, as they tend to feed on chemically 
defended plants (Karban & Agrawal, 2002; Despland, 2020). 
For instance, Monarch caterpillars feed on a range of Asclepias 
(Linnaeus, 1753) (Apocynaceae), plants with variable chemical 
defenses, and mortality from bottom-up and top-down sources 
varies between hosts (Zalucki et al., 2012). 

Finally, larvae in Experiment 2 showed faster growth rate 
in groups, with no trade-off on final size. Gregarious larvae have 
often been shown to pupate faster than solitary ones (Inouye & 
Johnson, 2005), and the slow-growth-high-mortality hypothesis 
proposes that this faster development should improve survival 
by decreasing exposure to natural enemies (Williams, 1999). 
However, empirical support for this hypothesis is mixed at best 
(Williams, 1999; Chen & Chen, 2018), and it has not received 
much attention in aposematic species. One study (Fordyce 
& Agrawal, 2002) shows that grouping in warning-coloured 
Battus philenor (Papilionidae) accelerates development and 
improves survival. 

Selection pressures vary throughout larval ontogeny, and 
our data show that M. confusa mortality in early instars is very 
high; grouping ameliorates survival even in the absence of 
predation and abiotic factors, raising the possibility of collective 
overcoming plant defenses (Despland, 2019), like the toughness 
and chemical defenses in Brunfelsia leaves. Methona confusa 
combines group-living and aposematism from the beginning of 
larval development; aggregation amplifies aposematic signals 
in small organisms (Sillén-Tullberg, 1988; Clark & Faeth, 1998; 
Ruxton et al., 2004; Pinheiro et al., 2008) and our data suggests 
it also mitigates bottom-up pressure from plant defenses. These 
findings suggest a developmental strategy whereby aggregation 
allows first instar caterpillars to feed on a defended plant that 
might be inaccessible to solitary larvae. 

Additional experiments might clarify and complement 
our findings. For instance, observations of early instar larvae 
in the field could clarify causes of mortality, since larvae were 
found dead presumably due to heavy rains or wind. Instead 
of artificial experimental groupings, another complementary 
experiment could use naturally occurring clutch size variation 
to examine the effect of gregarism in relation to different natural 
clutch sizes. 

Based on this study, Methona confusa joins the ever- 
growing list of caterpillar species that have been shown 
to benefit from grouping in the absence of predation and 
parasitism (see references in introduction). Results further 
suggest that aggregation in M. confusa mitigates both top- 
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down and bottom-up pressures, demonstrating how the strategy 
of this species integrates in a tritrophic context (Stireman & 
Singer, 2018). However, many questions remain, for instance 
about the exact mechanism of countering plant defenses or 
about the role of parasitoids, which have been shown in other 
Neotropical ithomiines to be important mortality sources 
that interact with host plants (Despland & Santacruz, 2020; 
Santacruz et al., 2019). Moreover, other species do not share 
the same gregarious behavior as Methona confusa, most 
species of Lepidoptera, and many ithomiines, are solitary, and 
Methona itself includes solitary species that feed from the 
same host plant, such as Methona curvifascia (Weymer, 1883). 
Compared with M. confusa, M. curvifascia is morphologically 
similar, but has larger first instar larvae (Hill & Tipan, 2008), 
and this greater size could perhaps help the larvae overcome 
the leaf toughness alone. Gregarious and solitary species show 
different strategies linked to variation in costs and benefits of 
group living; investigating these in a phylogenetic context, in 
conjunction with larval host plant specialization (Willmott & 
Freitas, 2006), could further our understanding of diversification 
in the Ithomiini. 
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